Since secondary Streptococcus pneumoniae infections greatly increase the mortality of influenza infections, we determined the relative roles of neutrophil-dependent and -independent mechanisms in increased susceptibility to S. pneumoniae during influenza infection. Mice infected with influenza for 6 days, but not 3 days, showed a significant increase in susceptibility to S. pneumoniae infection compared to mice not infected with influenza. There was significant neutrophil accumulation in the lungs of S. pneumoniae-infected mice regardless of whether or not they were infected with influenza for 3 or 6 days. Depletion of neutrophils in these mice resulted in increased susceptibility to S. pneumoniae in both the non-influenza-infected mice and mice infected with influenza for 3 days but not in the mice infected with influenza for 6 days, indicating that a prior influenza infection of 6 days may compromise neutrophil function, resulting in increased susceptibility to a S. pneumoniae infection. Neutrophils from the lungs of mice infected with influenza for 3 or 6 days exhibited functional impairment in the form of decreased phagocytosis and intracellular reactive oxygen species generation in response to S. pneumoniae. In addition, neutrophil-depleted mice infected with influenza for 6 days were more susceptible to S. pneumoniae than neutrophil-depleted mice not infected with influenza, indicating that neutrophil-independent mechanisms also contribute to influenza-induced increased susceptibility to S. pneumoniae. Pulmonary interleukin-10 levels were increased in coinfected mice infected with influenza for 6 days but not 3 days. Thus, an influenza infection of 6 days increases susceptibility to S. pneumoniae by both suppression of neutrophil function and by neutrophil-independent mechanisms such as enhanced cytokine production.
A prior influenza infection increases susceptibility to a secondary bacterial pneumonia infection, which has been associated with an increase in morbidity and mortality during influenza epidemics and pandemics (24, 25, 34, 35, 37, 40-43, 45-47, 50, 52-57) . Bacteria commonly causing pneumonia in the most severely ill influenza patients are Streptococcus pneumoniae, Staphylococcus aureus, and Haemophilus influenzae. Together, influenza and secondary bacterial pneumonia were the most common cause of infectious death in the United States in 2002 (10) . With the ever-increasing bacterial antibiotic resistance and the possibility of another influenza pandemic in the near future, understanding and controlling these infections is crucial.
Evidence from research, clinical studies, and epidemiological studies has shown a positive correlation between the increase in morbidity and mortality during influenza epidemics and pandemics and the associated increase in secondary S. pneumoniae infections (24, 25, 34, 35, 37, 40-43, 45-47, 50, 52-57) . There are currently two hypotheses to explain the increase in susceptibility to secondary S. pneumoniae infections after an influenza infection. One hypothesis is that influenza infection alters neutrophil function, thereby reducing the effectiveness of phagocyte-mediated killing of the bacteria. The other hypothesis is that the tissue damage caused by influenza virus alters the epithelial surface of the respiratory tract, thereby exposing different surface receptors to which the S. pneumoniae adhere, and/or increasing the affinity of the S. pneumoniae for its receptors, which may result in increased growth and decreased neutrophil killing of S. pneumoniae in the respiratory tract.
The hypothesis that influenza-induced neutrophil dysfunction is the primary means of increased susceptibility to S. pneumoniae infection after influenza infection has been supported by several groups using both in vitro and in vivo models of influenza infection (1-9, 13, 39, 66) . Previous studies by our laboratory have shown that neutrophils are important in resistance to S. pneumoniae infection independent of an influenza infection (23) . The three major properties of the neutrophil which are crucial for bacterial clearance (chemotactic response, phagocytosis, and intracellular killing) have been shown to be altered by influenza virus, thereby potentially increasing susceptibility to S. pneumoniae infection after influenza infection due to decreased phagocytosis and killing of the bacteria by neutrophils (5, 7, 15, 39) . While there have been extensive in vitro studies to support this hypothesis, the only studies examining the effects of an in vivo influenza infection on neutrophil function used blood neutrophils from an influ-enza-infected mouse (1, 2) or whole lungs from mice infected with both influenza and S. pneumoniae in vivo (37, 51) . The effects of an in vivo influenza infection on lung neutrophil function independent of an S. pneumoniae infection have not yet been determined. Therefore, the extent to which compromised neutrophil function contributes to influenza-induced increased susceptibility to S. pneumoniae is not known.
Influenza-induced tissue damage may also play a role in increasing susceptibility to S. pneumoniae infection after influenza infection. During the initial stage of influenza infection in which viral replication occurs, the virus may alter the surface receptors expressed on the epithelial cells, such as the plateletactivating factor receptor, to which the S. pneumoniae can adhere (17) (18) (19) . In addition, expression of viral glycoproteins, such as neuraminidase and hemagglutinin, on influenza-infected cells can be induced by the virus and may increase S. pneumoniae adherence (27) . The influenza virus can also expose novel S. pneumoniae receptors by cleaving sialic acid on glycoproteins of host respiratory cells with its neuraminidase protein, resulting in increased pneumococcal adherence (38, 41, 46, 47, 60, 61) . After replication, the virus lyses the infected cells, denuding the epithelium and exposing the basement membrane and proteins from the extracellular matrix, such as fibronectin, to which the S. pneumoniae can potentially adhere (27, 48) . In addition to altering the cell surface receptors, influenza virus also causes the exposure of different cell types as the epithelium repairs itself (48) . Initially, basal cells migrate to cover the surface of the exposed basement membrane, where they then differentiate into ciliated epithelial cells (33) . During the entire influenza infection period, different cell types and receptors are exposed on the respiratory epithelium. The S. pneumoniae may adhere more tightly to these receptors and/or cell types, making it more difficult for neutrophils to phagocytose and kill the bacteria, thereby increasing the severity of the infection as the S. pneumoniae continues to replicate without the consequence of neutrophil-mediated killing. In addition, influenza-induced tissue damage leading to denudation of the tracheal respiratory epithelium has been shown to affect mucociliary clearance, which may allow S. pneumoniae to adhere more readily to the trachea and eventually infect the lungs, resulting in pneumonia (44, 48) . Recently, it has been shown that interleukin 10 (IL-10) is increased in lungs of mice infected with influenza 14 days prior to a S. pneumoniae infection, and this increased IL-10 expression increases susceptibility to a secondary S. pneumoniae infection (63) . However, the initial onset of IL-10 production after an influenza infection and the effects of the initial IL-10 expression on susceptibility to a S. pneumoniae infection have not yet been determined.
In this study, we examined the contributions of influenzainduced changes in neutrophil-dependent and -independent mechanisms in increased susceptibility to a secondary S. pneumoniae infection.
MATERIALS AND METHODS

Infectious agents.
Influenza virus A/PR/8/34 (PR8) was cultured and stored in allantoic chicken egg fluid at Ϫ80°C. Streptococcus pneumoniae type 4 (ATCC 6304) was cultured in Todd-Hewitt broth supplemented with 0.5% yeast extract at 37°C and 5% CO 2 . Stock cultures in logarithmic growth were frozen in 10% glycerol and stored at Ϫ80°C. CFU were determined by plating on 5% sheep blood agar plates and optical density readings.
Mice. Female C57BL/6 mice, 6 to 12 weeks of age, from NCI-Frederick and Charles River Laboratories were used for all experiments. Animals were housed at the Animal Resource Center at Montana State University. All procedures were performed following Institutional Animal Care and Use Committeeapproved protocols.
Infection model. Mice were anesthetized with isoflurane and infected intranasally (i.n.) with 600 PFU PR8 influenza virus in 100 l of sterile Hanks balanced salt solution (HBSS, 50 l/nare). At day 3 or 6 after influenza infection, mice were challenged i.n. with 10 7 CFU of S. pneumoniae type 4 in 100 l of sterile DPBS (Dulbecco's phosphate-buffered saline) (50 l/nare) for 12 or 24 h. S. pneumoniae-only-infected mice were mock influenza infected i.n. with 100 l HBSS. Influenza-only-infected mice were mock S. pneumoniae infected i.n. with 100 l DPBS. Noninfected control mice were mock influenza infected i.n. with HBSS and mock S. pneumoniae infected i.n. with DPBS. For neutrophil depletion studies, half of the mice in each treatment group were depleted of neutrophils by intraperitoneal injection of 500 g RB6-8C5 monoclonal antibody 16 h prior to S. pneumoniae infection (23, 30, 58) . The other half of the mice in each treatment group were mock neutrophil depleted with 500 g isotype-matched rat immunoglobulin G intraperitoneally.
Tissue preparation. At the specified time points, mice were euthanized by deep pentobarbital anesthesia followed by exsanguination. Bronchial alveolar lavage fluids (BALF) were collected for differential cell counts and to confirm neutrophil depletions as previously described (23, 58) . Lungs were collected, placed in the BALF, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. To enumerate S. pneumoniae CFU, lungs were homogenized, serially diluted in 10-fold dilutions, and plated on sheep blood agar plates with neomycin using the drop plate method (29) . Plates were incubated for 24 h at 37°C, 5% CO 2 before CFU were counted. PFU were enumerated using the plaque assay method with Madin-Darby canine kidney cells (67) .
Neutrophil ROS generation and S. pneumoniae association/phagocytosis detection. Mice were infected with PR8 influenza virus as described above for 3 or 6 days. Control mice (mock influenza infected) received 100 l HBSS i.n. 6 days before they were sacrificed. Lipopolysaccharide (LPS)-stimulated mice were placed in an aerosolization chamber, and LPS (10 mg/ml in 5 ml HBSS) was nebulized for 15 min. In a separate experiment, mice were infected similarly, except influenza-infected mice were also LPS stimulated as described above to control for any effects LPS may have on neutrophil function. All mice were then sacrificed 8 h after the LPS challenge. Reactive oxygen species (ROS) generation by neutrophils and S. pneumoniae association with neutrophils were then measured using two previously described methods adapted for this study as described below (16, 64) .
S. pneumoniae was washed twice in DPBS, resuspended to 1 ϫ 10 9 CFU/ml in 5 ml DPBS, and labeled with DiI (V22889; Molecular Probes). Unlabeled S. pneumoniae was also prepared. For opsonization, bacteria were washed twice in DPBS and resuspended at 1 ϫ 10 9 CFU/ml in RPMI-H (RPMI with 10 mM HEPES) containing 25% fresh mouse serum, prepared as described below. Bacteria were then incubated at 37°C for 30 min with mild agitation. S. pneumoniae was washed twice in DPBS and resuspended at 10 8 CFU/ml in RPMI-H for bone marrow cells or 10 7 CFU/ml in RPMI-H for BALF cells. Serial dilutions were plated to confirm actual CFU, and the efficiency of labeling was checked using flow cytometry and microscopy with unlabeled bacteria and DiI-labeled bacteria.
Fresh mouse serum was collected, and it was used for S. pneumoniae opsonization and to coat sterile 96-well flat-bottom plates. Plates for the phagocytosis and ROS generation assays were coated with 20% normal mouse serum diluted in DPBS for 1 h at room temperature and washed twice with DPBS before cells were added.
Bone marrow cells were flushed from the femurs and tibias with 5 ml of HBSS with 3 mM EDTA, and BALF cells were collected by lavaging the lungs with 5 ml of HBSS with 3 mM EDTA. All samples were kept at room temperature until noted otherwise to prevent neutrophil activation by temperature changes. Cell counts and differential cell counts were done. Lungs were removed after lavaging, placed in 5 ml HBSS, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for influenza plaque assays.
Red blood cells were removed from bone marrow and BALF cells by hypotonic lysis, washed, and resuspended to 10 7 cells/ml (bone marrow) or 10 6 cells/ml (BALF) in RPMI-H. To obtain sufficient cell numbers, samples were combined in sets of 2 at this point with 3 sets of 2 per treatment for a final n of 3 per group. An aliquot of each sample was removed and stained with fluorescein isothiocyanate-labeled RB6-8C5 antibody to identify neutrophils. The remainder of bone marrow samples not used in these assays were snap-frozen and stored at Ϫ80°C for plaque assays.
To detect ROS, the ROS indicator 6-carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (C-2938; Molecular Probes) was added to the samples to a final concentration of 0.2 M from a 10 mM stock made up in dimethyl sulfoxide, as previously described (64) . For negative ROS controls, no ROS indicator was added. Samples were incubated in the dark at room temperature for 20 min before being transferred to ice. To measure S. pneumoniae association/phagocytosis, cells were added (10 6 cells/100 l for bone marrow and 10 5 cells/100 l for BALF) to the wells of sterile 96-well plates previously coated with serum and kept on ice, as previously described (64) . DiI-labeled S. pneumoniae was added to the wells (10 7 CFU/100 l for bone marrow and 10 6 CFU/100 l for BALF). For positive ROS generation controls, phorbol myristate acetate (PMA) was added to the wells (100 ng/ml). The plates were centrifuged at 400 ϫ g for 7 min at 4°C. Samples that represented the start of the assay (time ϭ 0 min) were placed on ice in the dark. The remaining samples were incubated at 37°C with 5% CO 2 for 60 min. At the end of the designated time, samples were transferred to flow cytometry tubes and kept on ice. ROS generation and S. pneumoniae association were then measured using flow cytometry. To quench extracellular S. pneumoniae and measure phagocytosis, 100 l trypan blue was added and the sample was reanalyzed. Neutrophils were specifically analyzed by gating for RB6-8C5 positively stained cells using the aliquots of cells described above, which did not have ROS indicator or S. pneumoniae added.
Lung cytokine levels. Homogenized lungs were centrifuged at 300 ϫ g for 15 min, and the supernatants were removed and analyzed using the BD Cytokine Bead Array mouse inflammation kit by following the manufacturer's instructions. Samples were analyzed by flow cytometry on a BD FACScan, and data were analyzed using the BD Cytokine Bead Array software.
Statistical analysis. Data were analyzed using GraphPad Prism 4 software. S. pneumoniae CFU, influenza PFU, and neutrophil depletion cell count data were analyzed using the Mann-Whitney test. BALF cytokine levels and percentage of phagocytic neutrophil data were analyzed using one-way analysis of variance followed by the Bonferroni post test. All other data were analyzed using an unpaired, two-tailed t test. The minimal value of significance was set at a P value of Ͻ0.05.
RESULTS
Peak susceptibility to secondary S. pneumoniae infection occurs at 6 days after influenza infection. Previous studies have found that susceptibility to S. pneumoniae infection is greatest at 6 to 7 days after influenza infection (14, 24, 42, 59) . To validate our coinfection model, S. pneumoniae was inoculated into noninfected mice or mice infected with influenza for 3 or 6 days, and S. pneumoniae growth over 12 and 24 h was measured to determine when susceptibility to S. pneumoniae infection was greatest. We found that susceptibility to secondary S. pneumoniae infection was greatest at 6 days after influenza infection. Six-day-coinfected mice had 485.5-and 149.4-fold higher lung S. pneumoniae CFU counts at 12 and 24 h, respectively, after S. pneumoniae infection than mice infected only with S. pneumoniae (P Ͻ 0.0001) (Fig. 1A and data not shown). At 3 days after influenza infection, when influenza viral replication is at its peak, there was no significant difference in susceptibility to S. pneumoniae infection between coinfected mice and S. pneumoniae-only-infected mice at either 12 or 24 h after S. pneumoniae infection (P ϭ 0.3109 and 0.1832, respectively) ( Fig. 1A and data not shown) .
We enumerated influenza PFU in the lungs of both noninfluenza-infected mice and mice infected with influenza for either 3 or 6 days to measure the growth of infectious virus particles. In the lungs of mice infected with influenza for 3 days, there were 2.3-fold more PFU than in the lungs of mice infected with influenza for 6 days (P ϭ 0.029) (Fig. 1B) . In non-influenza-infected mice, no influenza PFU were found (data not shown). Together, these data indicate that susceptibility to S. pneumoniae infection is greatest at 6 days after influenza infection. At 3 days after influenza infection, when viral replication was at its peak, susceptibility to S. pneumoniae infection was not increased compared to mice infected with S. pneumoniae only.
Effects of RB6-8C5 depletion on blood and BALF neutrophil numbers. To determine the roles of neutrophil-dependent and -independent mechanisms of increased susceptibility to S. pneumoniae during an influenza infection, we depleted noninfected and influenza-infected mice of neutrophils by injecting the RB6-8C5 (RB6) antibody intraperitoneally 16 h before S. pneumoniae infection. To validate our neutrophil depletion method, we quantitated the number of neutrophils present in the blood and BALF of depleted and nondepleted mice. Control mice which were RB6 depleted (noninfected and influenzaonly infected) had significant reductions in blood neutrophils, indicating that our depletion model was adequate for our studies. Noninfected depleted mice had a 94.4% reduction in blood neutrophils compared to nondepleted mice (P ϭ 0.0079; data not shown), while depleted mice infected with influenza for 3 or 6 days had reductions of 72.7% and 91.4% in blood neu- trophils, respectively, compared to nondepleted mice (P ϭ 0.0159 and P ϭ 0.0079, respectively; data not shown). In the BALF of noninfected depleted mice, no reductions were seen in neutrophil numbers, since few to no neutrophils were present in the lungs of noninfected mice whether or not they were depleted of neutrophils (data not shown). Depleted mice infected with influenza for 3 days had an 85.0% reduction in BALF neutrophils (P ϭ 0.0159; data not shown), while those infected with influenza for 6 days had a 25.9% reduction in BALF neutrophils (P ϭ 0.8413; data not shown) compared to nondepleted mice with similar infections. Neutrophil depletion resulted in a significant decrease in the number of blood neutrophils compared to nondepleted mice for all groups after 12 h of S. pneumoniae infection, with reductions of 89.3% for S. pneumoniae-only-infected, 81.4% for mice coinfected for 3 days, and 61.9% for mice coinfected for 6 days (P ϭ 0.0159, P ϭ 0.0079, and P ϭ 0.0159, respectively; data not shown). At 24 h after S. pneumoniae infection, mice infected only with S. pneumoniae had an 88.2% reduction and mice coinfected for 3 days had a 58.5% reduction in blood neutrophils (P ϭ 0.0079 and P ϭ 0.0159, respectively) ( Fig. 2A) . However, in mice infected with influenza for 6 days followed by S. pneumoniae for 24 h, there was not a significant difference in blood neutrophils between depleted and nondepleted mice, although there was a 31.3% reduction (P ϭ 0.2857) ( Fig. 2A) . The overall reduction in blood neutrophils at 24 h after S. pneumoniae infection could be due to the overwhelming infections in the lungs recruiting all available neutrophils from the blood, resulting in temporary neutropenia.
In the BALF of S. pneumoniae-only-infected mice, neutrophil depletion resulted in lung neutrophil reductions of 83.3% and 69.4% at 12 and 24 h, respectively, after S. pneumoniae infection (P ϭ 0.0317 and P ϭ 0.0952, respectively) ( Fig. 2B and data not shown). Although neutrophil-depleted mice had significantly fewer BALF neutrophils after 12 h of S. pneumoniae infection, a significant reduction in BALF neutrophils was not achieved in this infection group after 24 h of S. pneumoniae infection because one mouse was not infected to the same level as the other mice in the group and therefore had fewer neutrophils than the other mice within the group. This mouse had 1.7 ϫ 10 4 lung CFU, while the other four mice in the group averaged 3.5 ϫ 10 5 Ϯ 1.6 ϫ 10 5 lung CFU (Fig. 2C ). Neutrophil-depleted mice that were infected with influenza for 3 days had lung neutrophil reductions of 87.7% and 90.3% at 12 and 24 h, respectively, after S. pneumoniae infection (P ϭ 0.0079) ( Fig. 2B and data not shown). For mice coinfected for 6 days, lung neutrophils were reduced in the depleted mice by 81.3% and 89.2% at 12 and 24 h after S. pneumoniae infection (P ϭ 0.0159) ( Fig. 2B and data not shown). In addition, there were no significant differences in neutrophil numbers in nondepleted, S. pneumoniae-infected mice whether or not they had a previous influenza infection, indicating that a prior influenza infection of 3 or 6 days does not affect neutrophil migration into the FIG. 2. Percentage of neutrophils in blood of total blood leukocytes (A), total number of neutrophils in BALF (B), and lung S. pneumoniae CFU (C) of nondepleted and RB6-depleted mice at 24 h after S. pneumoniae infection. Mice were infected with S. pneumoniae for 24 h after 3 or 6 days of influenza infection or were only infected with S. pneumoniae for 24 h. Data represent results from two independent experiments with 4 to 5 mice per group per experiment. Significant differences between neutrophil-depleted mice and nondepleted mice are indicated as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001; NS, P Ͼ 0.05. Significant differences between neutrophildepleted mice infected with S. pneumoniae only and neutrophil-depleted mice coinfected with influenza for 6 days followed by S. pneumoniae as well as differences between neutrophil-depleted mice coinfected with influenza for 3 days followed by S. pneumoniae and neutrophil-depleted mice coinfected with influenza for 6 days followed by S. pneumoniae are indicated as follows: #, P Ͻ 0.05; ##, P Ͻ 0.01. Horizontal lines represent median values for each infection. Data were analyzed using Mann-Whitney U test. (Fig. 2B ). Together, these data indicate that our RB6-8C5 neutrophil depletion model can be used to study neutrophil-dependent and -independent mechanisms of increased susceptibility to S. pneumoniae infection after an influenza infection. Neutrophil-dependent mechanisms of increased susceptibility to S. pneumoniae infection. To determine whether neutrophil depletion affects susceptibility to S. pneumoniae infection, we compared S. pneumoniae CFU in the lungs of depleted mice to nondepleted mice with the same infection(s). Neutrophil-depleted mice infected with S. pneumoniae only had 10.5-and 384.5-fold higher lung S. pneumoniae CFU at 12 and 24 h, respectively, after S. pneumoniae infection than nondepleted mice (P ϭ 0.0159 and 0.0079, respectively) ( Fig. 2C and data not shown). In mice coinfected for 3 days, depleted mice had 26.8-and 108.9-fold more lung S. pneumoniae CFU at 12 and 24 h, respectively, after S. pneumoniae infection than nondepleted mice (P ϭ 0.0079 for both; Fig. 2C and data not shown). However, after 6 days of influenza infection, there was no significant difference in susceptibility to S. pneumoniae in the lungs of mice infected with S. pneumoniae for 12 or 24 h whether or not they were neutrophil depleted (P ϭ 0.7302 and 0.0635, respectively) ( Fig. 2C and data not shown).
In summary, our depletion studies indicate that neutrophils play an important role in resistance to an S. pneumoniae infection in both noninfected mice and mice with an influenza infection for 3 days. When neutrophils were depleted in these groups, susceptibility was increased. However, in mice infected with influenza for 6 days, neutrophil depletion did not affect resistance to S. pneumoniae, indicating that neutrophil function was compromised by the influenza infection to a point similar to that caused by neutrophil depletion. These results suggest the possibility that influenza-induced effects have compromised the neutrophils so much by day 6 after an influenza infection (but not at day 3) that they are no longer a significant factor in protection.
Influenza-induced changes in neutrophil-independent mechanisms increase susceptibility to S. pneumoniae infection. To determine whether a prior influenza infection affected susceptibility to S. pneumoniae independent of neutrophil function, we compared S. pneumoniae lung CFU of neutrophil-depleted mice infected with S. pneumoniae only to depleted mice infected with influenza for 3 or 6 days. After 12 h of S. pneumoniae infection, mice infected with influenza for both 3 and 6 days had 5.3-and 46.9-fold more lung S. pneumoniae CFU, respectively, than S. pneumoniae-only-infected mice depleted of neutrophils (P ϭ 0.0159 for both; data not shown). In addition, depleted mice coinfected for 6 days had 8.8-fold more S. pneumoniae CFU than depleted mice coinfected for 3 days (P ϭ 0.0159; data not shown). After 24 h of S. pneumoniae infection, depleted mice coinfected for 3 days had only 1.9-fold more S. pneumoniae CFU (P ϭ 0.4206), while depleted mice coinfected for 6 days had 10.5-fold more S. pneumoniae CFU than S. pneumoniae-only-infected depleted mice (P ϭ 0.0079) (Fig. 2C ). In addition, depleted mice infected with influenza for 6 days had 5.6-fold higher S. pneumoniae CFU than depleted mice coinfected for 3 days after 24 h of S. pneumoniae infection (P ϭ 0.0159) (Fig. 2C) . Thus, in mice depleted of neutrophils, an influenza infection still caused increased susceptibility to a secondary S. pneumoniae infection. Together, these data suggest that a prior influenza infection of 6 days increases susceptibility to an S. pneumoniae infection by neutrophil-independent mechanisms.
Neutrophil function assays. To determine whether influenza virus causes defects in neutrophil function in vivo, thereby increasing susceptibility to a secondary S. pneumoniae infection, we measured the amount of S. pneumoniae associated (either attached or phagocytosed) with either BALF or bone marrow neutrophils and ROS production by neutrophils from the lungs and bone marrow of noninfected, LPS-stimulated and mice infected with influenza for 3 or 6 days using flow cytometry. In a separate experiment, we stimulated influenzainfected mice with LPS to determine if any changes in neutrophil function were due to the effects of LPS or influenza.
Lung and bone marrow neutrophils were analyzed at 0 and 60 min after the addition of S. pneumoniae to compare the resting and activated levels of S. pneumoniae association with neutrophils and ROS generation by neutrophils. Since normal, healthy lungs contain few, if any, neutrophils and were therefore not able to be used for comparison to influenza-infected lungs in these studies, it was necessary to induce neutrophil migration to compare lung neutrophils from noninfected mice to those from influenza-infected mice. LPS was aerosolized for 20 min to induce a strong neutrophil influx into the lungs of noninfected mice, and BALF was collected 8 h later when neutrophil accumulation was at its peak (data not shown). For the bone marrow neutrophils, noninfected mice were also used in the analysis.
In the lungs, there were no significant differences in the total numbers of neutrophils between LPS-stimulated mice, mice infected with influenza for 3 days, and mice infected with influenza for 6 days (Fig. 3A) . Mice infected with influenza for 3 or 6 days and stimulated with LPS had 2.4-and 2.5-fold more lung neutrophils, respectively, than mice stimulated with LPS only (P Ͻ 0.0001 for both) (Fig. 3B) , indicating that the neutrophil reservoir was not depleted during the influenza infection. In the bone marrow, there were no significant differences in neutrophil numbers between any of the groups, except there was a 1.6-fold increase in neutrophils in the mice infected with influenza for 3 days compared to the LPS-stimulated mice (P ϭ 0.0096) (Fig. 3C ), although this difference was not seen in a repeat of the experiment (Fig. 3D) . For mice infected with influenza for 3 or 6 days followed by LPS stimulation, there were no significant differences in the numbers of bone marrow neutrophils between any of the groups (Fig. 3D) .
Influenza infection reduces S. pneumoniae association with neutrophils. The association of S. pneumoniae with neutrophils was measured by incubating neutrophils with DiI-labeled S. pneumoniae for 0 or 60 min. The mean fluorescence in the FL-2 channel was then measured to determine the relative number of S. pneumoniae bacteria associated with neutrophils, either bound to the surface or phagocytosed. In the lungs, there were 68.2% and 71.2% reductions in the initial (0 min) S. pneumoniae association with neutrophils from mice infected with influenza for 3 or 6 days compared to those from LPSstimulated mice (P ϭ 0.0057 and 0.0049, respectively; data not shown). After 60 min of incubation with S. pneumoniae, for lung neutrophils from mice infected with influenza for 3 and 6 days, the percentages of associated S. pneumoniae bacteria were 70.6% and 79.8%, respectively, of that seen with neutro- phils from LPS-stimulated mice (P Ͻ 0.0001 and P ϭ 0.0001, respectively; data not shown). After 60 min of incubation with S. pneumoniae, the level of S. pneumoniae association with influenza-infected neutrophils only reached levels comparable to those seen initially with neutrophils from LPS-stimulated mice at 0 min incubation (data not shown). Studies using trypan blue to quench the fluorescence of extracellular S. pneumoniae indicated that most of the S. pneumoniae association with lung neutrophils after 60 min of incubation with S. pneumoniae was the result of phagocytosis of S. pneumoniae rather than adherence to the neutrophils (Table 1 ).
In the lungs of mice infected with influenza for 3 or 6 days followed by LPS stimulation, there was a significant decrease in initial S. pneumoniae association with neutrophils compared to mice stimulated with LPS only (P ϭ 0.0464 and 0.0175, respectively) (Fig. 4A) . A similar decrease was seen after 60 min of incubation (P ϭ 0.0031 and 0.0035, respectively) (Fig. 4A) . These data indicate that the differences seen in S. pneumoniae association are due to the effects of influenza infection and not LPS stimulation. Thus, a prior influenza infection of 3 or 6 days decreases the ability of lung neutrophils to associate with S. pneumoniae.
In the bone marrow, there were significantly more S. pneumoniae initially associated with bone marrow neutrophils from mice infected with influenza for 3 days compared to bone marrow neutrophils from noninfected or LPS-stimulated mice, with increases of 53.7% and 69.9%, respectively (P ϭ 0.0261 and 0.0020, respectively) (Fig. 4B) . However, by 60 min, there were no significant differences in S. pneumoniae association with bone marrow neutrophils after 3 days of influenza infec- a Values represent means Ϯ standard deviations (3 mice/group). Neutrophils were collected from mice and incubated with DiI-labeled S. pneumoniae for 0 or 60 min to measure phagocytosis and ROS generation. Statistical differences between groups were calculated using one-way analysis of variance, followed by the Bonferroni post test. Differences between groups with the same incubation time are indicated as follows: *, P Ͻ 0.05; ***, P Ͻ 0.001 compared to neutrophils from LPS-challenged mice; †, P Ͻ 0.05 compared to neutrophils from mice infected with influenza for 3 days. tion compared to noninfected or LPS-stimulated mice (P ϭ 0.8293 and 0.4234, respectively) (Fig. 4B) . Bone marrow neutrophils from mice infected with influenza for 6 days showed 35.2% greater initial S. pneumoniae association than LPS-stimulated bone marrow neutrophils (P ϭ 0.0419) (Fig. 4B) . By 60 min of incubation with S. pneumoniae, there were significantly fewer S. pneumoniae bacteria associated with bone marrow neutrophils from mice infected with influenza for 6 days than those from noninfected mice or mice infected with influenza for 3 days, with reductions of 34.7% and 33.1% (P ϭ 0.0343 and 0.0071, respectively) (Fig. 4B) . There was no significant difference in S. pneumoniae association at 60 min between mice infected with influenza for 6 days or LPS-stimulated mice, although there was a 26.8% reduction in S. pneumoniae association (P ϭ 0.0855) (Fig. 4B) . Similar results were seen when influenza-infected mice were stimulated with LPS (data not shown).
Trypan blue quenching showed that initially, 43.2% Ϯ 6.9% of bone marrow neutrophils associated with S. pneumoniae from all groups studied had phagocytosed S. pneumoniae (Table 2) . By 60 min, the level of phagocytosis had increased to 79.9% Ϯ 10.5% (Table 2 ). After 60 min of incubation with S. pneumoniae, bone marrow neutrophils from mice infected with influenza for 6 days had a lower percentage of phagocytic neutrophils than those from LPS-stimulated mice (P Ͻ 0.01) ( Table 2) .
Thus, an influenza infection of 6 days' duration compromised bone marrow neutrophil function but not to the extent of suppression seen in lung neutrophil function. These data show that an influenza infection of 6 days can have slight systemic effects on the ability of bone marrow neutrophils to associate with S. pneumoniae.
Influenza infection reduces ROS production by neutrophils. ROS production by neutrophils after 0 or 60 min of incubation with S. pneumoniae was measured using 6-carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate, which fluoresces in the FL-1 channel. As a positive control, cells were incubated with PMA, which activates neutrophils to produce ROS. The initial amount of ROS produced after S. pneumoniae stimulation was significantly reduced by 69.2% and 85.2% in lung neutrophils from mice infected with influenza for 3 and 6 days compared to those from LPS-stimulated mice (P Ͻ 0.0001; data not shown). Similar results were seen with lung neutrophils incubated with PMA, with reductions of 63.0% and 80.2% for mice infected with influenza for 3 or 6 days (P Ͻ 0.0001; data not shown). After 60 min of incubation with S. pneumoniae, lung neutrophils from mice infected with influenza for both 3 and 6 days produced significantly less ROS than those from LPS-stimulated mice, with reductions of 68.1% and 82.9% (P ϭ 0.0002 and Ͻ 0.0001, respectively; data not shown). With PMA stimulation, similar results were seen, with reductions of 73.2% and 85.4% for mice infected with influenza for 3 and 6 days, respectively (P ϭ 0.0002 and 0.0001, respectively; data not shown). As seen with S. pneumoniae association, the levels of ROS produced by lung neutrophils from influenza-infected mice after 60 min of incubation with either S. pneumoniae or   FIG. 4 . S. pneumoniae association after 0 or 60 min incubation with lung (A) or bone marrow (B) neutrophils from noninfected mice, LPS-stimulated mice, or mice infected with influenza for 3 or 6 days with (A) or without (B) subsequent LPS stimulation. Data represent results from one (A) or two (B) independent experiments with 3 sets of 2 mice per group. Significance is indicated as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 compared to LPS-stimulated mice; ϩ, P Ͻ 0.05 compared to noninfected (none) mice; ##, P Ͻ 0.01 compared to mice infected with influenza for 3 days. Data are expressed as means Ϯ standard deviations. Data were analyzed using unpaired t test. a Values represent means Ϯ standard deviations (3 mice/group). Neutrophils were collected from mice and incubated with DiI-labeled S. pneumoniae for 0 or 60 min to measure phagocytosis and ROS generation. Statistical differences between groups were calculated using one-way analysis of variance, followed by the Bonferroni post test. Differences between groups with the same incubation time are indicated as follows: *, P Ͻ 0.05; **, P Ͻ 0.01 compared to neutrophils from LPS-challenged mice; †, P Ͻ 0.05 compared to neutrophils from mice infected with influenza for 3 days.
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on October 15, 2017 by guest http://iai.asm.org/ PMA were comparable to that seen initially at 0 min by neutrophils from LPS-stimulated mice (data not shown). Trypan blue quenching of extracellular fluorescence showed that a lower percentage of phagocytic lung neutrophils from mice infected with influenza for 3 or 6 days were initially producing ROS than from LPS-stimulated mice (P Ͻ 0.05 and 0.001, respectively) ( Table 1 ). In addition, after 60 min of incubation with S. pneumoniae, a lower percentage of phagocytic lung neutrophils from mice infected with influenza for 6 days were producing ROS than from mice infected with influenza for 3 days and LPS-stimulated mice (P Ͻ 0.05 and 0.001, respectively) (Table 1) . Thus, in the lungs of mice infected with influenza for 6 days, fewer neutrophils were associated with S. pneumoniae, and although most of these neutrophils were phagocytic, they were not able to produce ROS in response to S. pneumoniae as readily as those neutrophils from LPS-stimulated mice or mice infected with influenza for 3 days.
Influenza-infected mice stimulated with LPS showed similar results. Initial ROS production by neutrophils after 0 min of incubation with S. pneumoniae was significantly reduced in mice infected with influenza for 3 or 6 days followed by LPS simulation compared to mice stimulated with LPS only (P ϭ 0.0024 and 0.0009, respectively) (Fig. 5A) . Similar decreases were seen initially with PMA (P ϭ 0.0038 and 0.0013, respectively) (Fig. 5B) . After 60 min of incubation with S. pneumoniae, lung neutrophils from mice infected with influenza for 3 or 6 days followed by LPS stimulation produced significantly less ROS than neutrophils from mice stimulated with LPS only (P ϭ 0.0016 and 0.0004, respectively) (Fig. 5A) . Similar results were seen after 60 min of incubation with PMA (P Ͻ 0.0001 for both) (Fig. 5B) . These data show that the changes in ROS production are due to influenza-induced effects and not the effects of LPS stimulation. In summary, a prior influenza infection of 3 or 6 days reduces the ability of lung neutrophils to produce ROS after stimulation with either S. pneumoniae or PMA.
In the bone marrow, initial ROS production induced by S. pneumoniae stimulation was reduced by 52.6% and 60.0% in bone marrow neutrophils from mice infected with influenza for 6 days compared to those from LPS-stimulated mice or mice infected with influenza for 3 days (P ϭ 0.0069 and 0.0019, respectively) (Fig. 5C ). After 60 min of incubation with S. pneumoniae, bone marrow neutrophils from mice infected with influenza for 6 days still produced less ROS than LPS-stimu- (Fig. 5C ). Bone marrow neutrophils from mice infected with influenza for 6 days also showed reductions of 54.5% and 46.7% in initial ROS production after incubation with PMA compared to LPS-stimulated mice and mice infected with influenza for 3 days (P ϭ 0.0007 and 0.0068, respectively) (Fig. 5D) . However, unlike the results seen after 60 min of incubation with S. pneumoniae, there were no significant differences in ROS production after 60 min of incubation with PMA between bone marrow neutrophils from mice infected with influenza for 6 days and LPS-stimulated mice or mice infected with influenza for 3 days (P ϭ 0.0536 and 0.1389, respectively) (Fig. 5D ). There were no significant differences in ROS production by bone marrow neutrophils from mice infected with influenza for 3 days compared to noninfected or LPS-stimulated neutrophils after 0 or 60 min of incubation with S. pneumoniae or PMA (Fig. 5C and D) . Trypan blue quenching of extracellular fluorescence associated with S. pneumoniae bound to the surface of bone marrow neutrophils showed that initially there was some variation between groups in the percentages of phagocytic neutrophils which were producing ROS (Table 2 ). However, after 60 min of incubation with S. pneumoniae, no differences between any of the groups were seen (Table 2) .
Similar results were seen when influenza-infected mice were stimulated with LPS (data not shown). These results indicate that an influenza infection of 6 days has systemic effects on the ability of bone marrow neutrophils to produce ROS initially and after stimulation with S. pneumoniae for 60 min. However, with PMA stimulation, any differences in initial ROS production are overcome by 60 min of incubation with PMA. In summary, an influenza infection of 6 days affects ROS production by bone marrow neutrophils, indicating that the effects of an influenza infection are systemic.
Effects of influenza and/or S. pneumoniae infection(s) on lung cytokine production. Since our neutrophil depletion studies indicated that influenza-induced changes in neutrophil-independent mechanisms also contributed to the increased susceptibility to S. pneumoniae infection, we measured cytokine levels in the lungs of noninfected mice, mice infected with S. pneumoniae only, mice infected with influenza for 3 or 6 days, and mice infected with influenza for 3 or 6 days followed by S. pneumoniae for 24 h to determine whether changes in cytokine expression levels were responsible for this increase in susceptibility. In addition, we measured cytokine levels in the lungs of neutrophil-depleted mice in each of the infection groups to determine whether the increases in susceptibility to S. pneumoniae seen in depleted mice were due to increased cytokine production.
No significant differences in IL-12 p70 levels were seen between any of the groups examined (P Ͼ 0.05; data not shown). Mice infected with S. pneumoniae only for 24 h had elevated levels of tumor necrosis factor (TNF), gamma interferon (IFN-␥), monocyte chemoattractant protein 1 (MCP-1), IL-10, and IL-6 compared to noninfected mice, although none of these increases were statistically significant (P Ͼ 0.05) (Fig. 6A to E ). Mice infected with influenza only for 3 or 6 days had elevated levels of TNF, IFN-␥, MCP-1, IL-10, and IL-6 compared to noninfected mice; however, only IFN-␥ was significantly increased after 6 days of influenza infection compared to noninfected mice (P Ͻ 0.05) (Fig. 6A to E) . Together, these data indicate that an influenza infection of 3 or 6 days or an S. pneumoniae infection of 24 h slightly increase lung TNF, IFN-␥, MCP-1, IL-10, and IL-6 levels.
A previous influenza infection of 6 days followed by an S. pneumoniae infection increased lung cytokine production. Nondepleted mice coinfected with influenza for 6 days followed by S. pneumoniae had significantly more TNF (P Ͻ 0.001), IFN-␥ (P Ͻ 0.01), MCP-1 (P Ͻ 0.001), and IL-10 (P Ͻ 0.001) than nondepleted mice infected only with influenza for 6 days (Fig. 6A to D) . These coinfected mice also had significantly more TNF (P Ͻ 0.001), IFN-␥ (P Ͻ 0.001), MCP-1 (P Ͻ 0.001), and IL-10 (P Ͻ 0.001) than nondepleted mice infected with S. pneumoniae only and noninfected mice. Compared to nondepleted mice coinfected with influenza for 3 days followed by S. pneumoniae, these coinfected mice had significantly more TNF (P Ͻ 0.01), IFN-␥ (P Ͻ 0.001), MCP-1 (P Ͻ 0.001), and IL-10 (P Ͻ 0.001) (Fig. 6A to D) . In addition, IL-6 was slightly increased, although not significantly (P Ͼ 0.05), in these coinfected mice compared to nondepleted groups of mice which were not infected, infected with S. pneumoniae only, coinfected with influenza for 3 days followed by S. pneumoniae, or infected with influenza only for 3 or 6 days (Fig.  6E) . Together, these data indicate that an influenza infection of 6 days followed by an S. pneumoniae infection increases lung cytokine production compared to noninfected mice, mice infected with influenza for 3 or 6 days, and mice coinfected with influenza for 3 days followed by an S. pneumoniae infection.
Neutrophil depletion also affected the amounts of lung cytokines. After neutrophil depletion, the concentration of TNF was increased, although not significantly, for mice coinfected with influenza for 3 days followed by S. pneumoniae (Fig. 6A) . Depleted mice infected with S. pneumoniae only had significantly more TNF than depleted noninfected mice (P Ͻ 0.05). There were no significant differences in TNF between all depleted groups which were infected with S. pneumoniae only or coinfected with influenza for 3 or 6 days followed by S. pneumoniae infection (P Ͼ 0.05) (Fig. 6A) . In addition, depleted mice coinfected with influenza for 6 days followed by S. pneumoniae had significantly more TNF than depleted noninfected mice (P Ͻ 0.05) (Fig. 6A) .
Neutrophil depletion tended to slightly decrease the amount of IFN-␥ compared to nondepleted mice, although insignificantly except for mice which were coinfected with influenza for 6 days followed by S. pneumoniae (P Ͻ 0.01) (Fig. 6B) . In addition, these coinfected mice had significantly more IFN-␥ than depleted mice which were not infected (P Ͻ 0.01), infected with S. pneumoniae only (P Ͻ 0.05), or coinfected with influenza for 3 days followed by S. pneumoniae (P Ͻ 0.05) (Fig.  6B) . Neutrophil depletion also affected the levels of MCP-1. Depleted mice infected with S. pneumoniae only had a slight, though insignificant, increase in MCP-1 compared to nondepleted mice (P Ͼ 0.05) (Fig. 6C) . In depleted mice coinfected with influenza for 3 days followed by S. pneumoniae, there was significantly more MCP-1 than in nondepleted mice coinfected with influenza for 3 days followed by S. pneumoniae (P Ͻ 0.05), depleted mice infected with influenza only for 3 days (P Ͻ 0.05), and depleted noninfected mice (P Ͻ 0.001) (Fig. 6C) . Depleted mice coinfected with influenza for 6 days followed by IFN-␥ (B) , MCP-1, IL-10, and IL-6 levels were measured in nondepleted and neutrophil-depleted mice which were not infected, infected with S. pneumoniae only for 24 h, infected with influenza only for 3 or 6 days, or infected with influenza for 3 or 6 days followed by S. pneumoniae for 24 h. Significance is indicated as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 for mice infected with influenza virus for 6 days followed by S. pneumoniae compared to noninfected mice, mice infected with S. pneumoniae only, mice infected with influenza virus only, and mice infected with influenza virus for 3 days followed by S. pneumoniae with the same depletion status; ¶, P Ͻ 0.05 for mice with the same influenza infection and depletion status to determine the effects of a S. pneumoniae infection; #, P Ͻ 0.05 for mice with the same S. pneumoniae infection and depletion status to determine the effects of an influenza infection; †, P Ͻ 0.05; † †, P Ͻ 0.01; † † †, P Ͻ 0.001 for mice with the same influenza and S. pneumoniae infections to determine the effects of neutrophil depletion; §, P Ͻ 0.05 for mice with the same S. pneumoniae infection and depletion status to determine the effects of 3 days versus 6 days of influenza infection; ¤, P Ͻ 0.05; ¤¤, P Ͻ 0.01; ¤¤¤, P Ͻ 0.001 for mice with the same depletion status to determine the effects of a coinfection or S. pneumoniae infection versus no infection. Data are expressed as means Ϯ standard deviations. Data were analyzed using one-way analysis of variance, followed by the Bonferroni post test.
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on October 15, 2017 by guest http://iai.asm.org/ S. pneumoniae had significantly more MCP-1 and IL-6 than depleted groups of mice infected with S. pneumoniae only (P Ͻ 0.001), coinfected with influenza for 3 days followed by S. pneumoniae (P Ͻ 0.001), infected with influenza only for 6 days (P Ͻ 0.001), and noninfected (P Ͻ 0.001) ( Fig. 6C and E) . Neutrophil depletion significantly increased the amount of IL-6 in mice coinfected with influenza for 3 days (P Ͻ 0.05) or 6 days (P Ͻ 0.001) followed by S. pneumoniae compared to nondepleted mice (Fig. 6E) . Depleted mice infected with S. pneumoniae only had a slight, though insignificant, increase in IL-6 production compared to nondepleted mice. In addition, depleted mice coinfected with influenza for 3 days followed by S. pneumoniae had significantly more IL-6 than depleted mice which were not infected (P Ͻ 0.01) or infected with influenza only for 3 days (P Ͻ 0.05) (Fig. 6E) . Depleted mice coinfected with influenza for 6 days followed by S. pneumoniae had significantly more IL-10 than depleted groups of mice infected with S. pneumoniae only (P Ͻ 0.001), coinfected with influenza for 3 days followed by S. pneumoniae (P Ͻ 0.01), infected with influenza only for 6 days (P Ͻ 0.001), and not infected (P Ͻ 0.001) (Fig. 6E) . In summary, neutrophil depletion affected the cytokine production in infected lungs, with elevated levels of TNF, MCP-1, and IL-6 in depleted mice infected with S. pneumoniae only or coinfected with influenza for 3 days followed by S. pneumoniae compared to mice with the same infection treatment which were not depleted of neutrophils.
DISCUSSION
To establish a time course of susceptibility to S. pneumoniae infection after influenza infection, mice infected with influenza virus for 3 or 6 days were challenged with S. pneumoniae. We found that susceptibility to S. pneumoniae was the greatest at 6 days after influenza infection and was not increased at 3 days after influenza infection. Several other groups have found similar results, and clinical evidence supports this timeframe for maximum susceptibility (14, 24, 42, 59) . Influenza-induced tissue damage is greatest after 6 days of influenza infection (44), and Plotkowski et al. found that adherence of S. pneumoniae to influenza-infected tracheas was greatest after 6 days of influenza infection (48) . However, influenza-induced neutrophil dysfunction has also been shown to be greatest around 6 days after influenza infection (1, 2). We found that when influenza titers within the lungs were at their peak 3 days after infection, there was no significant difference in susceptibility to S. pneumoniae with or without a prior influenza infection. Gerone et al. showed similar results, with no increased susceptibility to S. pneumoniae infection until after 3 days of influenza infection (24) . McCullers and Rehg found that mortality to S. pneumoniae infection was greatest after 7 days of influenza infection, with all mice dying within 24 h, but at 3 days after influenza infection, the rate of mortality was decreased, with all mice dying 3.3 days after S. pneumoniae infection (42) . Although our own data of the kinetics of influenza infection and susceptibility to S. pneumoniae infection agree with previously published results, none of these studies determined the relative contributions of both neutrophil-dependent and -independent mechanisms to increased susceptibility to S. pneumoniae during an influenza infection.
Earlier neutrophil depletion studies done in our laboratory showed that neutrophils play an important role in resistance to S. pneumoniae infection in the lungs (23) . By using similar neutrophil depletion models, other studies have shown that neutrophils play an important role in controlling infections such as herpes simplex virus type I, Chlamydophila abortus, Toxoplasma gondii, and Listeria monocytogenes (20-22, 49, 62) . We used neutrophil depletions to determine whether neutrophils play a role in resistance to S. pneumoniae infection in mice infected with S. pneumoniae only or mice previously infected with influenza for 3 or 6 days. Our data confirmed our previous studies that neutrophils are important to S. pneumoniae resistance in non-influenza-infected mice (23) . In addition, we showed that they are important in S. pneumoniae resistance in mice infected with influenza for 3 days. However, although neutrophils accumulate in the lungs of mice infected with influenza for 6 days, they do not function in resistance to S. pneumoniae. It is likely that in the influenza-infected, nondepleted mice, lung neutrophil bactericidal functions were suppressed, making the mice as susceptible to S. pneumoniae as those which had been neutrophil depleted.
Effective phagocytosis and killing of S. pneumoniae is necessary for elimination of S. pneumoniae from the lungs (33) . Studies have found that neutrophils are affected within 30 min of an in vitro influenza infection (4, 5, 7, 8, 13, 15, 31) , with some effects seen as rapidly as 5 min after incubation with influenza virus (5) . Such influenza-induced changes in neutrophils include decreased protein phosphorylation, accelerated apoptosis, decreased respiratory burst activity, altered cytoskeleton, depressed bactericidal capacity, decreased chemotactic ability, decreased adherence, decreased release of lactoferrin into phagosomes, and inhibition of lysosome-phagosome fusion (4, 5, 7, 8, 13, 15, 31) . Changes seen in blood neutrophils from mice infected with influenza in vivo include decreased chemotactic, chemiluminescent, and bactericidal activities (1, 2) . These studies, along with the results from our studies, show that the effects of influenza virus on neutrophil function are not limited to the lungs, indicating that the effects are systemic despite a lack of viremia (1, 2) . Studies examining the function of lung neutrophils infected with influenza in vivo have measured the amount of superoxide and myeloperoxidase produced after infection with S. pneumoniae (37, 51) . While these previous neutrophil studies provide evidence of influenzainduced neutrophil dysfunction, they did not examine the effects of an in vivo influenza infection on lung neutrophil function independently of an S. pneumoniae infection. In addition, the previous studies did not examine neutrophil function directly, since they did not select for neutrophils and, therefore, were measuring the responses of other lung cells such as macrophages and lymphocytes, whose function may also be affected during an influenza infection.
In the present study, the function of neutrophils that had accumulated in the lungs and were exposed to influenza virus in the lungs was investigated. The function of BALF neutrophils as opposed to BALF macrophages was determined by flow cytometry using neutrophil-specific staining to gate the neutrophil population. The effects of influenza on these neutrophils in response to an S. pneumoniae infection could be measured independently of other changes to the host response, since the S. pneumoniae was added in vitro. Since we were interested in determining whether influenza was affecting neu- trophil function locally at the site of infection and/or systemically, we measured the ability of neutrophils isolated from the lungs and bone marrow of noninfected (LPS stimulated) and influenza-infected (3 or 6 days) mice to associate with S. pneumoniae (either through binding or phagocytosis) and produce reactive oxygen species. Our method allows for a direct measurement of any changes in neutrophil function in the lungs during an in vivo influenza infection prior to an S. pneumoniae infection, since the neutrophils were exposed to influenza virus in vivo and S. pneumoniae in vitro.
Lungs from normal, healthy mice contain primarily alveolar macrophages and few to no neutrophils. To compare lung neutrophils from healthy mice to those from influenza-infected mice, we used LPS to elicit a rapid neutrophil migration into the lungs of healthy mice. The peak of neutrophil migration and accumulation in the lungs was seen 8 h after LPS stimulation. We compared these neutrophils to those from mice infected with influenza for 3 or 6 days to determine whether an influenza infection alters neutrophil function, and if so, whether this alteration was greatest at 6 days after influenza, resulting in increased susceptibility to S. pneumoniae infection at 6 days, but not 3 days, after influenza infection. We found that both S. pneumoniae association and ROS production by lung neutrophils were significantly decreased at both 3 and 6 days after influenza infection compared to LPS-stimulated mice. This decrease was seen after initial contact with S. pneumoniae and after 60 min incubation with S. pneumoniae. In addition, lung neutrophils from mice infected with influenza for 6 days which were phagocytosing bacteria were not producing ROS as well as phagocytic neutrophils from LPS-stimulated mice. These data indicate that lung neutrophil function is affected at both 3 and 6 days after influenza infection. However, there may be neutrophil functions which we did not examine that are altered more at 6 days than 3 days after influenza, resulting in the difference in susceptibility seen between 3 and 6 days after influenza infection.
In the bone marrow of mice infected with influenza for 6 days, we saw an initial decrease in ROS production after initial contact with both S. pneumoniae and PMA. This decrease was seen after 60 min of incubation with S. pneumoniae. However, after 60 min of incubation with PMA, there was no decrease in ROS production by neutrophils. S. pneumoniae phagocytosis by bone marrow neutrophils was also decreased after 60 min of incubation with S. pneumoniae but not initially. The decrease in bone marrow neutrophil function may be due to systemic viral effects. Another possible explanation is that the proportion of immature neutrophils may be greater in mice infected with influenza for 6 days than in LPS-stimulated mice or mice infected with influenza for 3 days, since neutrophils are recruited from the bone marrow during an influenza infection. However, Boxio et al. found that murine bone marrow neutrophils function relatively homogenously and that there is a large population of competent neutrophils which can be recruited during infections (12) .
Since the LPS challenge may have altered the neutrophil function in the lungs of otherwise healthy mice, we challenged influenza-infected mice with LPS to determine whether the changes in neutrophil function seen previously were due to influenza or LPS effects. In the lungs, there was a significant increase in the number of neutrophils after LPS stimulation, indicating that the neutrophil reservoir had not been depleted by the influenza infection. The LPS challenge is similar to a secondary bacterial infection and therefore indicates that fresh neutrophils can enter the lungs in response to a secondary infection. After LPS stimulation in influenza-infected mice, we found reductions in S. pneumoniae association with and ROS production by lung neutrophils similar to those seen with mice infected with influenza only, indicating that the effects on neutrophil function seen were due to the effects of influenza infection and not LPS stimulation. Additionally, the new neutrophils recruited into the lungs by LPS were not able to overcome the previous deficit in neutrophil function caused by the influenza infection. This may be due to the relatively short period of time in contact with influenza virus (5 to 30 min) necessary to induce neutrophil dysfunction, as seen by others after an in vitro influenza infection (4, 5, 7, 8, 13, 15, 31) . The neutrophils recruited to the lungs by LPS may be inhibited by influenza just as rapidly as those in in vitro infections, since infectious influenza particles were seen in the lungs at both 3 and 6 days after influenza infection, indicating that influenza infection affects neutrophil function locally, possibly by binding directly to the freshly recruited neutrophils. In the bone marrow, the effects of influenza infection and LPS stimulation on neutrophil function do not appear to be as significant as those seen in the lungs.
Our results indicate that an influenza infection of either 3 or 6 days in neutrophil-depleted mice increased susceptibility to S. pneumoniae infection compared to depleted mice infected with S. pneumoniae only, with the greatest increase at 6 days after influenza infection. These data indicate that an influenza infection also increases susceptibility to S. pneumoniae by a mechanism other than neutrophil dysfunction, such as elevated cytokine production in the lungs. We found that mice which were infected with influenza for 6 days followed by S. pneumoniae for 24 h had elevated levels of TNF, IFN-␥, MCP-1, IL-10, and IL-6. Previous studies have shown that IFN-␥, TNF-␣, and IL-6 levels are increased when staphylococcal enterotoxin B or LPS are added to influenza-infected mice, indicating that a prior influenza infection primed influenzainfected cells for rapid cytokine production upon secondary challenge with bacterial components (26, 68) . In addition, LeVine et al. showed that TNF-␣ and IL-1 are significantly increased in mice infected with influenza for 7 days followed by S. pneumoniae for 48 h (37). Influenza infection is well known to lyse epithelial cells, leading to tissue damage, and this elevation in both pro-and anti-inflammatory cytokines may lead to increased tissue damage and pathogenesis during influenza virus and S. pneumoniae infections.
Studies by McCullers and Bartmess have shown that viral influenza neuraminidase increases S. pneumoniae adherence in the lungs by cleaving sialic acid residues, exposing receptors to which S. pneumoniae adhere (41). Hirano et al. examined the changes in carbohydrates exposed after sialic acid residues are removed by neuraminidase during an influenza infection, which may allow for increased S. pneumoniae adherence (32). Plotkowski et al. documented the influenza-induced changes in the respiratory epithelium throughout the course of an influenza infection and adherence of S. pneumoniae to influenzainfected tissue using scanning electron microscopy (48) . Throughout the course of an influenza infection, different cell types and surface molecules are exposed to which S. pneumoniae may adhere more readily. As shown previously, influenza-induced tissue damage is greatest around 6 days after influenza infection (44) , which correlates with our data showing increased susceptibility to S. pneumoniae infection at 6 days after influenza, indicating that tissue damage likely plays a role in increased susceptibility.
IL-10 has recently been shown to be elevated in postinfluenza pneumococcal pneumonia, leading to increased susceptibility to S. pneumoniae long after an influenza infection has been resolved (63) . This increase in susceptibility 14 days after a primary influenza infection is believed to be due to IL-10 inhibiting neutrophil function, which results in increased bacterial growth in the lungs and increased mortality (63) . Our data indicate that the onset of this increase in IL-10 production is as early as 6 days after an influenza infection, which also correlates with the peak of susceptibility shown in our study. IL-10 levels were not significantly elevated at 3 days after an influenza infection when we did not see an increase in susceptibility to S. pneumoniae infection.
Since depleted mice infected with S. pneumoniae only or influenza for 3 days followed by S. pneumoniae were more susceptible to S. pneumoniae than nondepleted mice, we measured the cytokine levels in these mice to determine whether an elevated cytokine response may be responsible for this increase in susceptibility. We found that TNF, MCP-1, and IL-6 all showed slight increases in depleted mice compared to nondepleted mice. In addition, TNF levels were similar between depleted groups which were infected with S. pneumoniae only or influenza for 3 or 6 days followed by S. pneumoniae. These data indicate that elevated cytokine production in depleted mice may increase susceptibility to S. pneumoniae infection. Further investigation into the role of these cytokines in secondary bacterial pneumonia is needed to determine the contributions of these cytokines to increased susceptibility to S. pneumoniae after influenza.
Another possible explanation for the mechanism of increased susceptibility to S. pneumoniae infection after influenza infection is alterations in alveolar macrophage function. Several studies have demonstrated that influenza infection decreases the functions of alveolar macrophages, such as bacterial phagocytosis and killing (11, 65) . Astry and Jakab found the suppression of alveolar macrophage phagocytosis by influenza was greatest after 7 to 10 days of influenza infection (11) , which correlates with our data for increased susceptibility to S. pneumoniae infection after 6 days of influenza infection. Alveolar macrophages have been shown to have a protective antiinflammatory role during S. pneumoniae infections through the elimination of apoptotic neutrophils (36) . If apoptotic neutrophils are not effectively cleared from the lungs, their cytotoxic components eventually leak into the alveolar space, leading to increased tissue damage (28, 36) . Since alveolar macrophages are important in the defense against bacterial infections, a change in their ability to eliminate S. pneumoniae and apoptotic neutrophils could alter the severity of the infection.
In summary, our neutrophil depletion studies indicated that both neutrophil-dependent and -independent mechanisms are responsible for increased susceptibility to a secondary S. pneumoniae infection after an influenza infection. While an influenza infection may cause other changes to the host immune response which we did not examine, our data indicate that both neutrophil dysfunction and elevated cytokine production contribute to the increased susceptibility to a secondary S. pneumoniae infection. These effects are cumulative, with the greatest susceptibility to S. pneumoniae infection at 6 days after influenza infection. At 3 days after influenza infection, viral replication is at its peak and tissue damage is minimal. At this time, lung neutrophil function was depressed, yet there was no significant increase in susceptibility to S. pneumoniae infection compared to mice infected with S. pneumoniae only. In addition, neutrophil depletion studies showed that after 3 days of influenza infection, neutrophil depletion increased susceptibility to S. pneumoniae infection, indicating that neutrophils from mice infected with influenza for 3 days can still eliminate S. pneumoniae. However, even at 3 days after influenza infection, neutrophil depletion studies showed evidence of neutrophilindependent mechanisms for increased susceptibility. After 6 days of influenza infection, when susceptibility to S. pneumoniae infection is at its peak, viral replication is decreased and tissue damage is at its greatest (44, 48) . Neutrophil function was also suppressed after 6 days of influenza infection. Neutrophils in mice infected with influenza for 6 days, which already have a decreased phagocytic capability, may not be able to eliminate S. pneumoniae in vivo as readily as neutrophils from mice infected with influenza for 3 days due to the increased burden of phagocytosing cellular debris from influenza-induced tissue damage and apoptotic neutrophils. In addition, there may be more influenza-induced changes in neutrophil function at 6 days than 3 days, which we did not examine. Cytokine levels were also increased in mice coinfected with influenza for 6 days followed by S. pneumoniae, indicating that an elevated cytokine response may be responsible for the increased morbidity and mortality seen during influenza and S. pneumoniae infections. By better understanding how the influenza virus affects both tissue damage and host bacterial responses, such as neutrophil function and cytokine expression, therapies can rationally be developed that will prevent secondary S. pneumoniae infections and the increased morbidity and mortality associated with them.
